Children with hemiplegic cerebral palsy (hemiplegia) have difficulty performing motor tasks with their hemiplegic upper extremity (UE). A virtual reality therapy home-based system (VRTHome) using a Sony PlayStation 2 equipped with an "EyeToy" video camera was adapted for children to practise hemiplegic hand and arm movements and the system's preliminary usability was evaluated. To use the VRT-Home, participants sit in a chair, hold down a button that occupies their non-hemiplegic side and keeps the system on, and perform movements with their 2 hemiplegic UE to play fun, immersive, games in virtual environments. Supervised test sessions with five child participants found that the system successfully elicited targeted hand/arm movements of the hemiplegic UE, particularly reaching activities that involve the shoulder and elbow. A further home usability study with five participants showed, through usage logging and caregiver and child satisfaction surveys, that the intervention with the VRT-Home was an enjoyable way to practise hemiplegic arm movements at home.
INTRODUCTION 1 2
Cerebral palsy (CP) describes a group of disorders of the development of movement and posture, 3 causing activity limitations that are attributed to non-progressive disturbances that have occurred 4 in the developing fetal or infant brain. 1, 2 Children with hemiplegic cerebral palsy (CP), or 5 hemiplegia, have a brain injury or anomaly of the motor cortex that creates a sensorimotor 6 impairment of the opposite upper extremity (UE). The impairments are multifactorial and 7 consist of a combination of muscle hypertonia, weakness, impaired selective motor control, 8 decreased sensation, and neglect of the involved UE. Movements that are typically difficult for 9 children with hemiplegia include shoulder abduction, elbow extension, forearm supination, wrist 10 and finger extension, and thumb extension. Consequently, through learned non-use, they 11 generally favour the use of their non-involved UE in everyday activities. 3 
13
Currently, therapy programs emphasize repetition and practise of motor activities with the 14 hemiplegic UE. 4, 5 Home-based practise, therefore, is essential. One means of encouraging such 15 practise is constraint-induced movement therapy (CIMT), in which the child's non-involved UE 16 is constrained in a sling, mitt or cast, thereby forcing the use of the hemiplegic UE in activities 17 and exercises. 6, 7 While effective, CIMT can cause a higher risk of falls, reduced independence, 18
and increased frustration for the child while wearing the constraint. 3 As a less-invasive 19 alternative, therapists often recommend exercises for families to practise hand/arm movements 20 with their child. However, given the numerous competing pressures on caregivers' time, 21 adherence to such home programs may be difficult, making their effectiveness questionable. The system uses a Sony PlayStation 2 (PS2), a commercially available home video game system, 5
and an EyeToy, a PS2 video camera accessory. When used together, players see a video image of 6 themselves on the screen and can manipulate overlaid virtual graphics with physical movements 7 (a type of augmented environment). 12 Two games from the "Play 2" disc were used. In "Secret 8
Agent," players reach to "touch" toys while avoiding movement in "spotlight" areas that appear 9 throughout the screen; in "Mr. Chef," the player performs such tasks as "shaking" milkshakes by 10 making circular arm motions or "chopping" pickles with slicing motions. Other accessories were 11 an 8 megabyte memory card for storing game data and an Intec 7089 rechargeable wireless 12 controller (which avoids tripping hazards). Within the "Play 2" software, the sensitivity was set 13 to "high" and the difficulty level was set to "easy." 14 15
Chair and video signal control subsystem 16
To play the games, the child sits on an instrumented straight-back chair. Because children with 17 hemiplegia favour their non-hemiplegic UE, the chair's purpose is to permit gaming with the 18 hemiplegic UE only. A Tash #58750 pillow switch (typically used for one-switch access devices) 19 is attached underneath the chair and is held with the non-involved hand, constraining it from 20 being used in the games, while a thoracic back switch (a Tash #58200 soft switch) is mounted on 21 the chair's back to promote an upright seated posture and encourage elbow extension of the 22 hemiplegic UE by discouraging the participant from leaning forward. The child must comply 23 with the pushbutton switches because the video game is visible on the TV screen only if both 24 6 switches are pressed. Specifically, the switches activate a radiofrequency (RF) transmitter 1 mounted on the chair, which instructs a "video signal control box" connected to a personal 2 computer (PC) to block or pass the video signal from the PS2 to the television. The VRT-Home's PC has three functions: video signal control, fingerprint recognition to track 6 whether the child is using the system, and simple logging to record usage frequency and 7 duration. First, the child scans his or her fingerprint using an attached Microsoft USB Fingerprint 8
Reader. Once the fingerprint is recognized, the child can press the chair button switches to see 9 the PlayStation 2 video signal on the TV screen. Fingerprint-related events and switch activation 10 and release events are time-stamped and logged in a Microsoft Access database for later analysis. 11 12
USABILITY EVALUATION 13
This study evaluated the VRT-Home's preliminary usability as defined by International 14
Organization of Standardization (ISO) document 9241-11: we examined whether the VRT-Home 15 could elicit targeted hand/arm movements (listed in Figure 4 ) with effectiveness (the extent to 16 which the task is achieved), efficiency (the rate at which the targeted movements were achieved), 17 and satisfaction (the attitudes toward the use of the system). 13 Usability studies use an iterative 18 process, with changes made to the product design during repeated rounds of testing to address 19 usability issues that arise. These methods are well-established in the evaluation of new 20 technologies in healthcare settings.
14, 15 Given the sample sizes used, descriptive statistics were 21 used to assess the VRT-Home's usability. All participants freely consented to the study. The classification system 16 (1 participant at level 2, 1 at level 4, and 3 at level 5) and the Quality of 5
Upper Extremity Skills Test (QUEST) 17 (52.3 ± 18.2). In both videotaped 30-minute sessions, 6 participants played "Secret Agent" and "Mr. Chef," the system logged usage, and one 7 occupational therapist reviewed the video footage to record the number of times that the child 8 performed each of the following hand/arm movements: shoulder flexion, abduction, external 9 rotation, or reach across midline; elbow extension; forearm supination; wrist extension; finger 10 extension; and thumb abduction, extension, or opposition. Each observed movement was 11 qualitatively classified as "less than half" or "greater than half" range of movement, with "full 12 range" defined as movement of the arm/hand through an established available range and "half 13 
Usability Issues 7
In the first round of supervised testing, the chair's size and 20-degree back angle (recline) made 8 it difficult for some of the participants to sit upright and press the switches while playing the 9 games. A median score of 3 ("neither agree nor disagree") was seen for the survey statement, 10 "Holding down the buttons was easy." As well, some participants slid out of the chair as the 11 session progressed. To resolve these issues, the chair's back was made upright and a non-slip 12
Dycem mat on the seat of the chair helped the participants to stop slipping. Other usability 13 issues, such as the fingerprint reader's sensitivity, were also identified and resolved. In the 14 questionnaire administered after the in-home usability study, all 5 participants gave a score of 5 15 ("strongly agree") to the statement, "Once I started playing the games, I could keep the system 16 going." 17 Table 1 provides summary statistics collected from 24 the two rounds of supervised test sessions; Table 2 provides the average playing time for each of 1 the 5 participants in the in-home usability study. On average, participants used the system at 2 home for 29 ± 32 minutes per day. A decline in the average daily play time (p=0.002) is evident 3 in Figure 6 . 4 5 The questionnaires provide insight into experiences with the VRT-Home. In the supervised tests, 6 the child participants stated that they "strongly agreed" that they "had lots of fun today," "would 7 like to take the video games home to play," and "would like to come back another day to play the 8 video games." As well, all 5 caregivers responded "strongly agree" to the statement, "My child 9
would enjoy using this virtual reality therapy system at home," and responded either "agree" or 10 'strongly agree" to, "I think that my child would practice therapy activities every day with this 11 system at home" and "I would like to have this system at home." Later, in the in-home usability 12 study's questionnaire, all 5 child participants strongly agreed with the statement, "I enjoyed 13 playing the games." Caregivers, meanwhile, responded with a median score of "strongly agree" 14 to the statement, "My child enjoyed using the virtual reality therapy system at home" and a 15 median score of 4 ("agree") for the statement, "It was easy to get my child to play on the virtual 16 reality therapy system." In both cases, the scores ranged from 2 ("disagree") to 5 ("strongly 17 agree"). These responses are representative of the results from the entire questionnaire. 18 19
DISCUSSION 20 21
The VRT-Home's usability is discussed below in terms of effectiveness, efficiency, and user 22 satisfaction. 23 24
Effectiveness 1
As shown in Figure 4 , the VRT-Home effectively elicited movements of the proximal 2 hemiplegic UE, including shoulder flexion and abduction, reach across midline, and elbow 3 extension. Fewer targeted movements of the wrist, fingers, and thumb were observed. This may 4 be because VRT-Home games are typically played with reaching-type movements. Meanwhile, 5 the hand and thoracic back switches appeared to be effective at occupying the non-hemiplegic 6 UE. The number of button releases decreased from 3.0 ± 2.7 switch releases/minute in the first 7 round to 1.9 ± 1.6 releases/minute in the second round of supervised testing, likely due to 8 successful design adjustments or increased familiarity with the system. 9 10
Efficiency 11
A home-based VR therapy system needs to elicit targeted hand/arm movements at substantial 12 rates. Figure 4 illustrates that this occurred with shoulder and elbow reaching activities -13 participants performed shoulder abduction, for example, an average of 3 times per minute. In the 14 child survey, the statement "I don't feel tired" had a median response of "neither agree nor 15 disagree," which suggests that the physical demands of playing the games were challenging but 16 reasonable. 17
18
During the in-home study, the average playtime of 4 of the 5 participants was less than 30 19 minutes per day, as specified in the instructions for the study. Further, as the days passed, the 20 number of minutes played per day decreased, which likely meant that fewer UE movements were 21 performed. Introducing a wider variety of games or permitting greater scheduling flexibility with 22 the VRT-Home may mitigate this issue. 23 24
User Satisfaction 1
The questionnaire results suggest that the participants appeared to enjoy performing the 2 movements elicited by the VRT-Home. This is generally a positive finding that indicates that the 3 VRT-Home could be a fun way to promote therapy activities. However, it may also suggest a 4 gradual loss of novelty of the system, a possibility supported by the declining amount of playing 5 time observed in the in-home study. This may be an important consideration for game selection 6 and the design of longer future in-home study with clinical efficacy measurements. This could be 7 addressed by the periodic addition of new games. Fig. 1 System setup. The participant sits approximately 2 meters away from the screen and "reaches" for virtual objects visible on the TV. Fig. 2 Schematic of VR therapy system. Shaded boxes denote components added to the unmodified PlayStation 2 with EyeToy system. The average rate and type of hand/arm movements observed over the ten sessions. Error bars represent the maximum and minimum observed rate of movements among the five participants. Relationship between average rate of targeted movements and level of UE function (QUEST score) for the five participants in the first round. 
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